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ABSTRACT: 
Natural tissues have intricate structures organized in a hierarchical fashion over multiple length 
scales (Å to cm). These tissues commonly incorporate pores as a key feature that may regulate cell 
behavior. To enable the development of tissues scaffolds with biomimetic pore structures, it is 
important to investigate methods to impart pores to biomaterials, such as the use of novel sacrificial 
porogens. Here we report the use of sacrificial crystals to impart pores to biopolymer hydrogels 
(based on a methacrylated hyaluronic acid derivative) with macroscopic crystal templated pores 
embedded within them. The pore structure was investigated using microscopy (cryoSEM and 
confocal), and the specific sacrificial porogen used was found not only to impact the pore structure, 
but also swelling and mechanical properties. Such templated hydrogels have prospects for 
application as instructive tissue scaffolds (where the pore structure controls cell alignment, 
migration etc.). 





Hydrogels are a useful in vitro platform for studying how structure-property relationships impact 
cell-material interactions, and may offer insight into the behavior of natural tissues in vivo. The 
development of hydrogels with biomimetic chemical compositions is popular; however, it is 
noteworthy that it is possible to impart a range of porosities to the hydrogels, enabling mimicry of 
natural pore structures found in vivo. The range of pore structures facilitate three-dimensional cell 
cultures in vitro that are more representative of in vivo conditions and may therefore reduce/replace 
our reliance on animal models for biological studies, an area of strategic importance for the 
sustainable development of affordable healthcare technologies in the future by governmental 
funding bodies including the National Institute of Health in the United States, and the Research 
Councils in the UK [1-3]. This opportunity motivated us to develop a simple and reproducible 
methodology for generating novel pore structures inside hydrogels that may be of use for 
investigations pertaining to the effect that architecture has on the biological/mechanical properties 
of tissue scaffolds. 
Hydrogels with isotropic pores have been extensively investigated for application as tissue scaffolds. 
In recent years, there has been growing interest in the development of hydrogels with more 
complex pore structures. Hydrogels with micropores and macropores have been created by solvent 
casting/particle leaching [4], freeze drying [5], layer-by-layer composition [6], and rapid prototyping 
[7]; each methodology having strengths and weaknesses. Sacrificial porogen leaching is popular, and 
may, in certain cases allow the pore size/shape to be controlled by appropriate choice of the 
porogen [4, 8-12]. Freeze-drying ice-crystal templated hydrogels is an environmentally friendly 
method that enables the generation of aligned pores in hydrogels [13, 14], and rapid prototyping 
enables the generation of complex 3D structures [15-21].   
Here we report the results of our investigation of the use of sacrificial crystals as templates for 
hyaluronic acid-based hydrogels. Solutions of a photocrosslinkable hyaluronic acid derivative and 
porogens that undergo thermally-induced crystallization drive phase separation to polymer-rich and 
poor phases. Photocrosslinking the hyaluronic acid derivative yields a continuous polymer network 
around the organized crystal porogens that may be selectively removed, leaving a characteristic pore 
structure within the hydrogel. Indeed, we have previously reported that the properties of hydrogels 
[22] can be markedly altered using such sacrificial porogens in 2D hydrogels [23], and here we 
extend this to generate 3D hydrogels. 
Four sacrificial crystal templates were studied (glycine, guanidine, urea and potassium dihydrogen 
phosphate), the removal of which was observed to create a specific porous network within the 
hydrogel. The architectures generated may be useful for biomimetic tissue scaffolds [24] for vascular 
[8], bone [25], cartilage [27], and neural [28] tissue niches, particularly because we employ 





High molecular weight sodium hyaluronate from Streptococcus equi of molecular weight 1.6 x 106 Da 
(Sigma 53747), glycidyl methacrylate (Sigma 779342), triethylamine (Sigma T0886), hyaluronidase 
(Sigma H3506) and dextran-FITC of molecular weight 3,000-5,000 Da (Sigma FD4) were all purchased 
from Sigma Aldrich. Urea (Fisher U15), potassium dihydrogen phosphate (Fisher 7778), glycine 
(Fisher G48) and guanidine hydrochloride (Fisher BP178), phosphate-buffered saline (PBS, Sigma 
P4417) were obtained from Sigma Aldrich or Fisher, as determined by their availability. The 
photoinitiator Irgacure 2959 (55047962) was obtained from Ciba Specialty Chemicals/BASF. The 
PhosphoWorks™ Fluorimetric Phosphate Assay Kit *Red Fluorescence (21660) was purchased from 
AAT Bioquest. The Urea Fluorometric Assay Kit (700620) was purchased from Cayman Chemical. 
Fluval Clearmax (A1348) phosphate remover was purchased from PetCo, Inc. All reagents were used 
as received. 
2.2. Hydrogel Preparation 
Hydrogels at 20 mg/mL methacrylated hyaluronic acid (methacrylation of the primary alcohol was 
observed for ca. 18% of the disaccharides in hyaluronic acid) [29] with 0.3% (w/v) photoinitiator 
were templated with each of the porogens. The porogens were mixed into the warm (~50 °C) 
polymer solutions. The supersaturated polymer solution was injected into disk molds (Grace Biolabs 
Silicone Isolators #664301) encased by two glass slides and cooled on ice to cause porogen 
precipitation within the polymer solution. After crystallization, the polymer was crosslinked around 
the crystalline network by exposing the hydrogel to 13 mW/cm2 ultra-violet light, and the crystals 
were removed by immersing the hydrogel in deionized water overnight to remove the crystalline 
component, then swollen in 10 mM phosphate-buffered saline for 24h. 
2.3. Cryopreservation Scanning Electron Microscopy 
Cryogenic scanning electron microscopy (CryoSEM) was used to examine the microstructure of the 
samples that were fixed to the mounting stage with carbon tape and carbon paint. The samples 
were then flash frozen in liquid nitrogen (at −195 °C), sublimated, sputter coated with platinum, and 
imaged using a Zeiss Supra 40VP SEM [29-31]. 
2.4. Confocal Laser Scanning Microscopy 
Confocal microscopy was used to study the dimensions of the pores of samples that were incubated 
in a 1 mg/mL dextran-FITC (Sigma) solution in water overnight and subsequently rinsed in deionized 
water for 24-48h to reduce any background signal. Confocal images were taken on Leica SP2 AOBS 
Microscope in z-stack mode. The acquired images were compiled using IMARIS software or ImageJ 
with the Volume Viewer 2.0 plug-in to create three-dimensional renderings of the pores. 
2.5. Swelling Studies 
A swelling study was conducted using the gravimetric method [32-36]. The swelling ratio was 
evaluated using the porogen-free hydrogels that were swollen in 10 mM PBS overnight, after which 
excess PBS was carefully blotted away and the swollen weight was recorded, then oven-dried 
overnight to obtain the dry weight of the polymer. To determine equilibrium water content (EWC), 
the crystal-free hydrogels were allowed to reach equilibrium in deionized water and the weight 
recorded. The samples were then dried overnight in an oven to achieve the weight of the polymer 
component in the hydrogel samples (data presented is from a minimum of 8 samples as the mean ± 
standard error of the mean). 
2.6. Flory-Huggins calculations 
The swell ratio was calculated using equation (1): 
(1) Swell ratio = (Ws-Wd)/Wd 
where Ws is the swollen weight of the sample, and Wd is the weight of the dried sample [35-36]. The 
equilibrium water content (the EWC), i.e. percentage of water within the hydrogel, was calculated 
using equation (2): 
(2) EWC (%, w/w) = ((We-Wd)/We)*100 
where We is the swollen weight of the sample at equilibrium, and Wd was obtained after oven drying 
the hydrogels until a constant weight was reached [32-36]. The degree of swelling can be estimated 
using Flory-Huggins swelling theory [29]. The ratio of the swollen mass in pure water to the dried 
mass is the degree of mass swelling QM, calculated using equation (3): 
(3) QM = MSwollen/MDry 
The degree of mass swelling relates to the volumetric swelling ratio, Qv, through the densities of the 
polymer and solvent, calculated using equation (4) [29]: 
(4) QV = 1 + ρp/ρs(QM-1) 
The dry polymer density, ρp, for hyaluronic acid is 1.229 g/cm
3 [29] and the density of the solvent 
(water) is 1 g/cm3. The volumetric swelling ratio is related to the molecular weight between 
crosslinks via the molar volume of the solvent, the Flory interaction parameter of the polymer, and 
the solvent. According to Leach et al, the interaction parameter (χ) for HA-water is 0.473 [29, 37]. 
The molar volume of water, V1, is 18.1 cm
3/mol. Therefore the molecular weight between crosslinks 










The swollen hydrogel mesh size (ξ) is related to the root initial square radius 𝑟𝑜2̅̅ ̅̅ , calculated using 
equation (6) [38]: 




Cleland et al found that 
𝑟𝑜2̅̅ ̅̅ ̅
2𝑛
= 2.4𝑛𝑚 [39] which allows simplification of equation 6 to equation (7) 
ξ = 0.1748√𝑀𝑐̅̅ ̅̅  𝑄𝑉
1/3 
Equation 7 relates the 𝑀𝐶̅̅ ̅̅  to the mesh size and allows the estimation of mesh size without knowing 
the unperturbed distance. The effective crosslink density, υe, is the ratio of the polymer density to 





In swollen, crosslinked structures the equilibrium polymer volume fraction, υe, is inversely 
proportional to equilibrium volume degree of swelling, Qv [38, 39]. 
2.7. Mass Change Experiments 
Mass change experiments were conducted to understand the porogen release kinetics. Freshly 
prepared hydrogels (immediately after photocrosslinking) were individually immersed in 3 mL of 
deionized water to remove the porogen and weighed at interval time points until equilibrium was 
reached. For both the urea and potassium dihydrogen phosphate-templated hydrogels, the 
procedure included with the assay kits were followed (the PhosphoWorks™ Fluorimetric Phosphate 
Assay Kit was supplied by AAT Bioquest, and the Urea Fluorometric Assay Kit was supplied by 
Cayman Chemical). For the urea fluorometric assay kit, the ammonia detector was warmed at 37 °C 
to help its dissolution in ethanol. For urea-templated hydrogels, the dilutions of the eluted solution 
required to be detected by the assay kit for each day were as follows: Day 1 – 1:103, Day 2 – 1:102, 
Day 3 – 1:102, Day 4 – 1:102. Days 5-7 were not diluted. For potassium dihydrogen phosphate-
templated hydrogels, the re-quired dilutions were as follows: Day 1 – 1:3.5x103, Day 2 – 1:3.5x102, 
Day 3 – 1:35 (6μL in 210μL). Days 4-7 were not diluted. For the potassium dihydrogen phosphate-
templated hydrogels, phosphate free water was created by dialyzing the phosphate remover against 
approximately 4L of water for a minimum of 7 days. This water was used for the phosphate ion 
detection. For the potassium dihydrogen phosphate-templated gels, the incubation time used was 1 
hour, and the background wells contained 60μL Assay Buffer and 40μL of the sample. A Synergy HT 
microplate reader was used to analyze the samples. The porogen release data was normalized to the 
hydrogel weight at 270 minutes after water immersion. Hydrogel mass data were plotted on a log-
log scale in order to determine the characteristic exponent n and characteristic constant k of the 
Koresmeyer-Peppas equation [33, 34]. Because the model best suits linear data, the linear portion of 
the plot was isolated to gain the swell-release kinetic values. The linear portion from log-log plots of 
the data suits the model and ranged from 8-25 minutes (data is presented from a minimum of 6 
samples as the mean ± standard error of the mean). To quantify the transport mechanism of solute 
and water into the hydrogel system, swelling data was fit to the Korsmeyer-Peppas equation [33, 34] 
that is typically employed to describe solute diffusion in polymers, calculated using equation (9): 
(9) Mt/M∞ = kt
n 
Mt is the mass of water absorbed or mass of molecule released at time t, M∞ is the mass of water 
absorbed at equilibrium, k is a characteristic constant of the hydrogel and n is the characteristic 
exponent of the mode of transport of the penetrating media. 
2.8. Rheology 
Rheology experiments were conducted on PBS-swollen hydrogels using 25 mm parallel plates. An 
amplitude sweep with the storage modulus as a function of strain was performed to identify the 
linear region of the viscoelastic curve. Measurements were conducted at constant strain over a 
frequency sweep of 0.1-10 Hz. GMHA hydrogels (20 mg/ml) with I2959 (0.3% w/v, mg/ml) exposed 
to 5 minutes UV were analyzed at 25°C on an Anton Paar rheometer with approximately 2 mm gap 
size (data is presented from a minimum of 6 samples as the mean ± standard error of the mean). A 
strain sweep was conducted for each type of hydrogels to determine the most appropriate value for 
the frequency sweep. Strain values were selected at approximately the mid-point of the linear 
region of the strain sweep. The strain for each hydrogel type is as follows: not templated hydrogels 
(0.05% strain), potassium dihydrogen phosphate-templated hydrogels (0.05%), urea-templated 
hydrogels (0.05% strain) and glycine-templated hydrogels (5% strain). 
2.9. Degradation 
For degradation experiments, a solution of 50 U/mL hyaluronidase in 10 mM PBS was used to 
degrade the photocrosslinked hydrogels. The PBS swollen hydrogels were placed in 1 mL of 
hyaluronidase solution and incubated at 37°C. The initial hydrogel weight was recorded and 
recorded every hour for 12 hours thereafter (or until complete hydrogel dissolution), and data is 
presented from a minimum of 6 samples as the mean ± standard error of the mean. The in vitro 
degradation profile of the hydrogels was evaluated by recording the hydrogel weights after swelling 
in saline (Wo) and at specific times during hyaluronidase enzymatic degradation (Wt), calculated 
using equation (10) [37]: 
(10) % Degradation = ((Wo-Wt)/Wo)*100 
2.10. Cell Viability Experiments 
Hydrogels were suspended in cell culture medium in transwell plates (Corning) to verify the viability 
of cells in the presence of the scaffolds. The experiment determined cell viability in the presence of 
any potential leachable from the hydrogels; cells were not in direct contact with the hydrogels. 
Schwann cells and fibroblasts were cultured for 48 hours with hydrogels suspended in media and 
Cell Titer Glo (Invitrogen) assay used to determine their viability. Two luminescence readings were 
taken from each sample and the quantitative values averaged. 
3. Results and discussion 
3.1. Hydrogel Architecture 
We report a simple method of imparting macropores to hyaluronic acid-based hydrogels using 
sacrificial crystal templates. We used a methacrylated hyaluronic acid derivative (Fig. 1), prepared in 
accordance with the literature [29], where methacrylation of the primary alcohol was observed for 
ca. 18% of the disaccharides in hyaluronic acid. It is noteworthy that the templating methodology 
would be applicable to a broad range of water soluble polymers (e.g. polyethylene glycols, proteins) 
[22, 23, 40, 41, 42, 43]. The void regions within the hydrogel samples were imaged by cryoSEM (Fig. 
2) and confocal microscopy (Fig. 3). The cryoSEM images for each sample show the crystal 
templating methodology to be effective [44-47]. Hydrogels that were not templated (Fig. 2A) had 
surfaces that lacked defined void regions in line with other images for analogously prepared 
hydrogels. The surface of glycine crystal templated hydrogels (Fig. 2B) showed small pores imparted 
by the glycine of up to ca. 2 µm in width and ca. 10 µm in length; the surface of guanidine crystal 
templated hydrogels (Fig. 2C) showed much finer pores with lengths/widths of less than 1 µm; the 
surface of potassium dihydrogen phosphate crystal templated hydrogels (Fig. 2D) have pores with 
lengths/widths of greater than 10 µm, as did the urea crystal templated hydrogels (Fig. 2E). Confocal 
microscopy images for the not templated hydrogels and glycine-templated hydrogels were very 
diffuse and without any easily discernible macroscopic voids. By contrast, confocal microscopy (Fig. 
3) revealed void spaces imparted to the hydrogels by guanidine crystal templated hydrogels showed 
the presence of cuboid voids of 10-100 µm (Fig. 3A ), elongated voids of 10s to 100s of µm in width 
and length, respectively (Fig. 3B), imparted by the potassium dihydrogen phosphate crystals; and the 
urea crystals imparted elongated voids spaces of  10s to 100s of µm in width and lengths of over 
1000 µm in the hydrogels (Fig. 3C), with some evidence of urea crystal alignment (in line with our 
previous reports) [22, 23, 40, 41, 42, 43]. The macropore structures resemble the negative imprint of 
the sacrificial crystals inside the hydrogel matrix, and crystal templated hydrogels possess a larger 
void volume than comparable hydrogels without the sacrificial porogen, and the pores imparted to 
the hydrogels using our methodology should be cell-permeable by virtue of their size.   
3.2. Hydrogel physical and mechanical properties 
The physical properties of the hydrogels were studied to elucidate the effect of each porogen (Table 
1). The porogens were used at concentrations that were the minimum at which we were able to 
thermally induce crystallization of the porogen, which was roughly associated with the solubility of 
the porogen at 25 °C in water. The protocol was optimized for rapid crystal formation as the 
hydrogel solution cooled and relatively low concentrations of crystals to obtain gels which could be 
easily handled. The EWC is defined as the amount of water within a hydrogel after it has equilibrated 
in water, and while the EWCs of the hydrogels was similar (96% to 99%, (w/w), there was more 
variation in the swell ratios for the hydrogels which was 38-57 for the macroporous hydrogels, and 
69 for the control hydrogels without macropores, suggesting that the control hydrogels without the 
sacrificial porogens were less tightly crosslinked. Based on these experimental values it is possible to 
calculate the degree of mass swelling (QM), the equilibrium volume degree of swelling (Qv), the 
average molecular weight of polymer chains between neighbouring crosslinks (𝑀𝐶̅̅ ̅̅ ), the mesh size (ξ) 
and the effective network density (υe). The not templated hydrogels had a mesh size of ca. 2572 nm, 
whereas the templated gels had mesh sizes of 548 to 1859 nm, suggesting that the sacrificial 
porogens force the polymer chains to pack more tightly prior to photocrosslinking. While the data 
suggests that glycine, guanidine and urea interact with the polymer chains similarly, these 
interactions are weaker than those for potassium dihydrogen phosphate. This tighter packing leads 
to a corresponding reduction in the effective mesh size of the gels, and explains the marked 
differences in swell ratios of the macroporous gels and not templated control hydrogels. The swell 
ratio for hydrogels templated with urea was a function of both the extent of crosslinking [49, 50] and 
the weight percent of photoinitiator. The swelling ratio increased with urea templating at both 0.5% 
(w/v) and 1% (w/v) photoinitiator concentrations (Fig. 4), and as the porogen concentration 
increased, so did the swell ratio (Fig. 5), offering another simple method to tune the hydrogel 
properties to more accurately mimic a specific tissue niche [48, 49]. 
The porogen leaching process was studied by observing changes in hydrogel mass over time to 
provide insight into the process of porogen release and hydrogel swelling (Fig. 6) upon water 
immersion to remove the porogen [24]. Guanidine crystal templated samples initially lost mass 
before recovering to a mass that was less than the original weight; potassium dihydrogen 
phosphate-templated hydrogels initially gained mass before retracting to approximately their 
original mass; glycine and urea crystal templated hydrogels increased to three and four times their 
original mass upon immersion in water, respectively. The samples then reached their maximum 
plateau mass. Table 1 and Figure S1 show the n and k values obtained for all samples suggesting that 
sacrificial porogen release kinetics were non-Fickian, which was expected because Fickian diffusion 
relies upon the hydrogel being completely amorphous [50]. 
The bulk mechanical properties of hydrogel scaffolds play a role in their performance in vivo, and the 
gels must be mechanically robust enough to withstand mechanical loading and stresses that occur in 
the specific niche in which they are used in the body. Rheological experiments were performed 
under oscillatory shear stress to determine the effect of templating on the hydrogel’s mechanical 
properties (in this case storage modulus, G’ [40]). We observed that the elastic modulus was 
affected by crystal templating (Fig. 7). Not templated gels had the highest storage modulus, G’ ca. 
100 Pa. suggests that a decrease in the storage modulus by about an order of magnitude occurred 
for crystal templated samples. This confirms that micrometer scale pores in the hydrogels have an 
impact on the mechanical properties of the hydrogels, and offers a method to tune the mechanics of 
the hydrogels to suit a specific biological niche.  
3.3. Degradation, porogen leaching and gel cytotoxicity 
Hydrogels may degrade by hydrolysis, enzymatic degradation or dissolution [51-54]. Biopolymers are 
widely used for hydrogels in tissue engineering because of their ability to be degraded in vivo by 
naturally occurring enzymes, indeed, hyaluronic acid is degraded by the naturally occurring enzyme 
hyaluronidase [53, 54]. The in vitro degradation profile is an indicator of the effective crosslink 
density as more tightly crosslinked hydrogels tend to degrade more slowly. Improved enzyme 
penetration throughout the hydrogel’s volume as a result of templating is thought to enhance the 
rate of degradation. Indeed, templated samples degraded significantly more quickly than not 
templated hydrogels of the same chemical composition (Fig. 8). The degradation rate in vivo would 
be controlled by the concentration of hyaluronidase in the specific tissue in which the biomaterial is 
implanted, and our in vitro data supports the fact the hydrogels are susceptible to enzymatic 
degradation (i.e. not too highly crosslinked for the enzyme to cleave the backbone of the hyaluronic 
acid). 
Ideally tissue engineering constructs should display little or no cytotoxicity, consequently the 
phosphate ion and urea concentrations in effluent media from templated hydrogels at specific 
points in time (displayed in Table S1 and Fig. S2). After three days of rinsing, the concentration of 
phosphate ions was less than the systemic phosphate levels in adult human blood, whereas the urea 
templated samples release urea at concentration that is below the systemic urea levels in blood 
after four days of rinsing. Furthermore the cytotoxicity of the rinsed hydrogels were evaluated on 
fibroblasts and Schwann cells and compared with a negative control of 10% (v/v) 
dimethylformamide in cell culture media. The error bars for cell viability of fibroblasts and Schwann 
cells (Fig. 9) cultured in the presence of urea-templated hydrogels overlap with those from the 
positive control culture plate or experimental control with not templated hydrogels suggest that the 
templated hydrogels have a negligible effect on cell viability. 
4. Conclusion 
The development of biomimetic tissue scaffolds is a promising avenue of research for tissue 
engineering, and pore structure is an important feature of natural tissues. A simple, bench-top 
process using inexpensive sacrificial crystal templates was adapted [22, 23] to create complex 
architecture within three-dimensional photopolymerized hydrogels, and yields hydrogels that can be 
easily handled in the lab with pore structures resembling some natural tissues, representing a useful 
platform for in vitro studies of pore architecture on cellular behaviour [55]. We also speculate that 
the sacrificial crystal templates could serve a secondary role as a therapeutic agent [56] delivered 
over a sustained period of time, yielding a tissue scaffold that instructs cell behavior not only 
because of its architecture, but also the action of the bioactive drug [56]. 
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Figures and Captions: 
 
 
Fig. 1. Methacrylated hyaluronic acid derivative. 
 
 
Fig. 2. Cryo-SEM images of hydrogel architecture. A) Not templated hydrogels. B) Glycine templated 
hydrogels. C) Guanidine templated hydrogels. D) Potassium dihydrogen phosphate templated 
hydrogels. E) Urea templated hydrogels. Scale bars represent 10 µm. 
 
 Fig. 3. Stack of confocal microscope images shows voids in crystal templated hydrogels. A) Glycine 
templated hydrogel, scale bar represents 200 µm. B) Potassium dihydrogen phosphate templated 
hydrogel, scale bar represents 300 µm. C) Urea templated hydrogels, scale bar represents 500 µm. 
 
 
Fig. 4. The swell ratio of not templated and urea templated hydrogels was determined at two 
photoinitiator concentrations. 
 





 Fig. 6. Porogen leaching assay: normalized change in hydrogel mass over time. 
 
 Fig. 7. Storage modulus of the hydrogels as determined by rheology. 
 
 
Fig. 8. Degradation behavior of the hydrogels in the presence of hyaluronidase in vitro. 
 
 
 Fig. 9. Cell Titer Glo Assay of relative cell viability from 48 hours in culture of fibroblasts and Schwann 
cells with samples suspended in culture media. There was not a significant difference between cell 


















Table 1. Physical characteristics values for hydrogels. 












99.6 ± 0.2 99.5 ± 0.1 96.5 ± 2.1 99.4 ± 0.4 99.6 ± 0.4 
Swell Ratio 69.5 ± 2.1 53.1 ± 1.3 56.7 ± 2.8 44.0 ± 1.0 37.9 ±1.2 
QM 140.2 106.2 82.7 37.4 79.4 
Qv 172.1 130.2 101.4 45.7 97.3 
𝑀𝐶̅̅ ̅̅  (g/mol) 6997872 4400383 2899155 768892 2708156 
ξ (nm) 2572 1859 1388 548 1323 




90 25 8 60 9 
n 0.7417 0.6967 0.2703 -0.4353 0.9091 
K 0.0219 0.0689 0.7686 0.1931 0.0638 
QM, the degree of mass swelling. Qv, equilibrium volume degree of swelling. Average molecular 
weight of polymer chains between neighboring crosslinks. ξ, mesh size. υe, effective network density. 
 
